The lithium intercalation properties of alkai tetratitanate (Li 2 Ti 4 O 9 ·1.1H 2 O, Na 1.5 H 0.5 Ti 4 O 9 ·0.53H 2 O) and octatitanate with various amounts of hydrated water (H 2 Ti 8 O 17 ·nH 2 O; n = 0.41, 0.96, 1.5) were examined. Alkali tetratitanates were obtained by ion exchange of the starting tetratitanate hydrate (H 2 Ti 4 O 9 ·1.9H 2 O) and subsequent heat treatment. Octatitanates were prepared by heat treatment of the starting tetratitanate hydrate. The prepared titanates exhibited a reversible capacity corresponding to a reduction of half of the Ti atoms from a tetravalent state to a trivalent state. This indicates that the reaction activity of the host oxide layer of titanates is not affected by the condensation reaction during transformation from tetratitanate to octatitanate. H 2 Ti 8 O 17 ·0.41H 2 O showed the largest capacity and best rate capability among the prepared titanates; this is because of its relatively small chemical formula weight per Ti atom. The difference in the rate capability of the titanates is caused by the steric effects of hydrated water molecules in the lithium diffusion path along the b-axis.
Introduction
Lithium ion secondary batteries (LIBs) are currently used as power sources in portable electronic devices because of their high energy density. Recently, because of their effective utilization of energy, large-scale LIBs are expected to be developed for application as power sources for electric vehicles and load-leveling systems. 1) Significant advances in cost efficiency, safety, and life span are essential for the realization of large-scale LIBs.
Carbon anode materials used in commercial small-scale LIBs can sustain the high voltage and high energy density of LIBs. However, it is difficult to improve cost efficiency using these materials and to ensure safety; further they are not durable. Carbon anode materials can exhibit a large capacity and good insertion/extraction cycling durability when a highquality solid electrolyte interface (SEI) is formed on their surface.
2) High-quality SEIs are obtained by removing trace amounts of impurities such as water from an electrolyte solution and mixing additives;
3),4) this method, although effective, increases the cost of the electrolyte solution. Li-metal deposition on the carbon materials reduces the safety of LIBs, because it the Li metal grows until it reaches the positive electrode, which can result in a short cut or an accidental explosion. Employing high-voltage anode materials is one solution for improving the cost efficiency, safety, and durability of LIBs.
Lithium titanate (Li 4 Ti 5 O 12 ) with a spinel structure has been widely investigated as a candidate high-voltage anode material. 5 ),6) They have recently come into practical use as LIB anode material, exhibiting high safety and high power capability. It was recently reported that TiO 2 (B) nanowires 7) exhibit large intercalation capacities of more than 200 mAh g ¹1 . TiO 2 (B) is a metastable monoclinic modification of titanium dioxide; 8) its large theoretical capacity, 335 mAh g
¹1
, is similar to that of graphite. As mentioned above, titanium oxides are candidates high-voltage anode materials for LIBs and have been widely studied. 9) TiO 2 (B) has been studied not only as high-voltage anode material but also as high-power-capable electrode material. M. Zukalová et al. reported that the lithium intercalation reaction into TiO 2 (B) synthesized by a specific condition is not limited by the diffusion of lithium ions in the solid phase but is governed by a pseudocapacitive faradaic process. 11) They put forth that the unusual reaction behavior of the lithium insertion into TiO 2 (B) is caused by its crystal structure, which includes a one-dimensional tunnel that lithium ions can access freely.
We previously reported that octatitanate hydrate (H 2 Ti 8 O 17 · 0.41H 2 O) with a tunnel structure exhibited a reversible capacity of 160 mAh g ¹1 . 12 ) Octatitanate can be synthesized from tetratitanate with a layered structure through dehydration at moderate temperatures of less than 300°C.
13) The schematic crystal structures for tetratitanate and octatitanate are shown in Fig. 1 . In the structures of tetratitanate and octatitanate, the linear groups of four TiO 6 octahedra share edges. Octatitanate and tetratitanate have sparser crystal packing than TiO 2 (B), therefore, the easy transportation of lithium ions in the solid phase is expected.
Layered tetratitanate is ion-exchanged to form alkali tetratitanates 14) 16) or alkylammonium intercalated compounds.
17),18)
There is a possibility that one of these derivatives could exhibit good anode properties such as high rate capability and relatively low reaction potential through soft processing. In this study, the lithium intercalation properties of alkai tetratitanate and octatitanates with various amounts of hydrated water were examined. The crystal structures of the obtained titanates were confirmed by X-ray diffraction (XRD). The chemical compositions of the obtained titanates were determined by inductively coupled plasma atomic emission spectrometry (ICP-AES). The water content was estimated by thermogravimetry (TG), assuming that the hydrated water was completely released up to 800°C.
Experimental procedure
The electrode for electrochemical measurements was fabricated by pressing a mixture of the prepared sample powder, carbon powder (acetylene black), and Teflon binder (PTFE) onto a Ni mesh. The mixing weight ratio of sample:carbon:binder was 45:45:10. Electrochemical measurements were performed by using a three-electrode cell with lithium strips as the reference and counter electrodes and the prepared electrode as the working electrode. The electrolyte solution was 1 mol dm ¹3 lithium perchlorate in propylene carbonate (Kishida Chemical). Galvanostatic discharge/charge tests and cyclic voltammetry tests were carried out between the voltage range of 1.2 and 3.6 V (vs. Li/Li + ) using a HAG-5001 potentiostat/galvanostat (Hokuto Denko).
Results and discussion

Octatitanates with various amounts of hydrated water
Octatitanates were obtained through the heat treatment of tetratitanate for 2 h at 100, 150, and 200°C. Figure 2 shows X-ray diffraction (XRD) patterns for these octatitanates. The arrows in the figure indicate 200 peaks. The d 200 spacing shrank with the decreasing amount of hydrated water. Hydrated water exists in the one-dimensional tunnel and sustains the skeletal crystal structure. Lattice parameters were determined using several peak positions, as shown in Table 1 . Heat treatment at higher temperatures resulted in the transformation into TiO 2 (B).
We subsequently examined the electrode properties of octatitanates (H 2 Ti 8 O 17 ·nH 2 O) with various amounts of hydrated water (n = 1.5, 0.96, 0.41). Figure 3 shows the discharge and charge capacities of the obtained octatitanates at a current density of 100 mA g ¹1 as a function of cycle number. All of the samples exhibited an irreversible capacity at the first cycle, as we reported previously, 12) and then showed stable capacities after several discharge/ charge cycles. . The amount of hydrated water had a large influence on the rate capability of octatitanate hydrates. The details of this influence are discussed below. Figure 5 shows the discharge curves for the octatitanates measured at sufficiently small current density for each sample. The current densities are indicated in the figure. Octatitanates exhibited a capacity of 160 mAh g ¹1 at relatively small current density, regardless of the amount of hydrated water. The capacity of 160 mAh g ¹1 was almost the same as that of conventional anatase-type TiO 2 ; this value corresponds to approximately four Li insertions per formula unit. Four Li insertions per formula unit means that half of the Ti atoms were reduced from a tetravalent state to a trivalent state. This result clearly indicates that the lithium intercalation sites in octatitanate hydrates are not occupied by hydrated water molecules and that they remain electrochemically active. The reaction potential of octatitanates changed slightly in the range of the depth of discharge below 50%. The change in crystal structure due to the difference in the amount of hydrated water in the one-dimensional tunnel would result in the difference in the width of lithium intercalation site energy distribution. Figure 6 shows XRD patterns for these alkali tetratitanates with and without heat treatment. The sodium tetratitanate hydrate was hygroscopic, 15) and a reliable XRD pattern for Na 1 2 O indicates the existence of hydrated water molecules between the oxide layers. The decomposition of the layer structure by heat treatment at higher temperatures suggests that the interlayer water molecules sustain the layer structure. Figure 7 shows the discharge and charge curves of 3.3 Lithium diffusion in the solid phase of tetratitanate and octatitanate Figure 8 shows the reversible capacities of the obtained alkali tetratitanates and octatitanates as a function of current density. The capacities are normalized to the value of the intercalated lithium amount per Ti atom. All of the titanates exhibited approximately 0.5 Li insertion per Ti atom at relatively low current density, as noted in the previous section. The capacity of all of the titanates decreased with increasing current density. SEM observations revealed that fibrous shape and surface morphology of the starting material were maintained in all of the titanates through ion exchange and heat treatment below 200°C. B.E.T. surface area of the starting tetratitanate determined by N 2 adsorption measurement was 16 m 2 g ¹1 . The surface areas of all of the prepared titanates are expected to be comparable with this value, while they vary slightly with chemical formula weight. The particle size distribution of the obtained titanates included in the electrodes is expected to be similar. Surface areas of the titanates do not influence the rate capability. The electronic conductivity of the electrodes also does not influence the rate capability since 45 wt % of the electrodes are composed of carbon particles with high electronic conductivity. Consequently, it appears certain that the rate capability is controlled by the lithium diffusion constant in the solid phase of titanates.
Alkali tetratitanates
The finding that octatitanate hydrates exhibit a comparable rate capability to alkali tetratitanates strongly suggests that the dominant direction of lithium transportation is along the b-axis in both alkali tetratitanates and octatitanates because the crystal structure along the b-axis remained nearly the same after the condensation reaction to form a one-dimensional tunnel structure. Lithium transportation along the b-axis is discussed below, taking the window area into consideration. The window area refers to a sectional area of the channel for lithium transportation in the solid phase of tetratitanates or octatitanates. It is defined as follows:
where a, c, and ¢ are the lattice parameters for titanates, d is the thickness of the oxide layer, n is the amount of hydrated water, and r is the water molecule radius. k is a structure factor and equals 1 for octatitanates and 2 for tetratitanates. 0.56 nm was used as the value of d.
18) The water molecule radius was assumed to be equal to that of an oxide ion with eightfold coordination, assigned by 0.142 nm. 20 16) to be 0.23 nm 2 . The rate capability of titanates correlates well with the calculated window area. That is, a titanate with a large window area exhibits a good rate capability. Consequently, it was strongly suggested that the difference in the rate capability is caused by the steric effects of hydrated water in the lithium diffusion path along the b-axis. A comparison of the rate capability of tetratitantates and octatitanates given rise to the speculation that the dominant direction of lithium transportation in titanates is along the b-axis. 
Conclusions
